Abstract-This paper studies how dense deployments of small cells with full duplex technology perform under various network configurations and channel conditions. The resulting interference at the receiver of interest combines both its intrinsic self-interference and components from co-channel base stations and user equipment transmissions. Network deployment is represented by a Poisson field of transmitters, while a composite channel with log-normal shadowing and Nakagami-m fading describes our propagation model. Herein, a stochastic geometry framework is used to first characterize the interference profiles for the full duplex scenarios under consideration, and then derive closed-form expressions for the Average Spectral Efficiency (ASE) . Results show that the Self-Interference (SI) dominates the aggregate interference component and Full-Duplex (FD) networks outperform HalfDuplex (HD) networks in terms of ASE for SI cancellation values lower than´70dB.
I. INTRODUCTION By 2020, a myriad of connected devices will change the way we live, make business, gather into social groups and interact. As a result, the next generation of mobile access networks will experience a thousand-fold increase in traffic volume compared to today's standards, which will require new technologies and practices as well as a rearrangement of the spectrum.
In this context Full-Duplex (FD) communication appears as a promising spectrally efficient technology, since, theoretical FD systems can double the overall spectral efficiency when compared to the traditional Half-Duplex (HD) networks [1] [2] [3] . In a FD network, devices are able to transmit and receive simultaneously and in the same frequency band, which brings high spectral efficiency for the upcoming wireless communication systems [1] [2] [3] [4] [5] [6] . However, in practice such gain is not attainable once FD nodes suffer from Self-Interference (SI) and extra CoChannel Interference (CCI) from other concurrent (sametype) transmitters [7] , therefore its performance is severely deteriorated. Nevertheless, due to such potential, FD communications have gained considerable attention and several papers appeared recently with promising signal processing techniques for SI interference mitigation [1] , [2] , [5] , [6] . These works show that even though ideal FD operation is not yet attainable, practical FD communications are feasible once SI is considerably attenuated. As pointed out in [1] [2] [3] [4] the extent of these gains achieved by FD nodes depends on the SI cancellation level. Moreover, SI can be modeled as a fading channel which allows the emulation of various (non) line-of-sight configurations [1] [2] [3] .
So far, most of the publications address the achievable rate from a information theoretic point of view, or solutions to cope with the SI in single cell deployment scenarios [1] [2] [3] [4] [5] [6] . However, system-level evaluation of the large scale deployments of FD communicating nodes has received very little attention. Therefore, in this paper we investigate the system-level performance of interference limited FD networks under composite fading channel, which encompass both fading and shadowing. Such composite fading channel allows one to evaluate a large number of channel configurations (e.g. severity of the fading and shadowing, presence or not of line of sight) and to do so we resort to a mathematical framework based on stochastic geometry. Moreover, we derive closed-form expressions for the Signal-to-Interference Ratio (SIR) and the Average Spectral Efficiency (ASE) of FD networks. Our results show that users in full-duplex mode are capable of achieving higher rates when compared to HD networks, even though subject to higher levels of interference since a FD node perceives besides its own SI additional CCI from adjacent cells.
The reminder of this paper is organized as follows: Section II presents the propagation and deployment models and introduces the mathematical framework. Section III introduces the interference models as well as the ASE metric, while Section IV presents some significant numerical results. Finally, Section V concludes the paper.
II. SYSTEM MODEL AND ANALYTIC FRAMEWORK
Consider an interference-limited network where all nodes operate in FD fashion. Therefore, the devices are able to transmit and receive simultaneously at a cost of SI. Consider that Base Stations (BSs) and User Equipments (UEs) have dedicated antennas for transmission and reception. Even though employing advanced interference cancellation and antenna attenuation techniques, there still remains a residual self-interference level [1] [2] [3] , which can be modeled as a fading channel that allows one to emulate various (non) line-of-sight configurations [1] , [3] . Bearing this in mind and in order to account for extensive number of fading settings, we assume that all channel coefficients are quasi-static and follow a composite fading channel distribution, which is composed of LogNormal (LN) shadowing and Nakagami-m fading. The Downlink (DL) of a traditional HD network constitutes our benchmark scenario wherein the user of interest is interfered by surrounding small cells. BSs independently schedule a random user in every transmission interval. All communicating nodes are equipped with omni-directional antennas. BSs and UEs are also assumed to have full buffer and symmetric traffic patterns.
A. Propagation and Network Deployment Models
Radio links are affected by path-loss, large-scale shadowing and multi-path fading which are assumed to be mutually independent and multiplicative phenomena [8] . The received power at the user of interest u 0 from an arbitrary transmitter b i located r i0 meters away is
where p i0 is the transmit power, α is the path-loss exponent and x i0 represents the squared-envelop of composite fading channel. The composite distribution of the received squared-envelop due to LN shadowing and Nakagamim fading has a Gamma-LN distribution with Probability Density Function (PDF)
where m is the shape parameter of the Gamma distribution, Γp¨q is the gamma function [9, Eq. 8.310-1], ξ " ln p10q {10, Ω p is the mean squared-envelop, μ Ωp and σ Ωp is the mean and standard deviation of Ω p , respectively. The composite squared envelop is well approximated by a single LN Random Variable (RV) as proposed in [10] . Thus, the parameters of the single LN RV are: shape μ dB " ξ rψ pmq´ln pmqs`μ Ωp and log-scale σ
Ωp [10] . In this case, ψ p¨q is the Euler psi function, ζ p2,¨q is the generalized Riemann zeta function [11] , m is the shape parameter of the Gamma distribution, ξ " ln p10q {10, and Ω p is a RV representing the mean squared-envelope whose mean and standard deviation are given by μ Ωp and σ Ωp , respectively. The network deployment model is given by a spatial Poisson Point Processes (PPPs) Φ BS (Φ UE ), whose random points ϕ BS (ϕ UE ) denote the locations of base stations (user terminals). The composite fading channel is associated as random marks to each point of the above processes [12] and is assumed to be independent over distinct network entities and positions. By virtue of the Marking theorem [13] , the resulting processes constitute Marked Point Processes (MPPs) on the product space R 2ˆR`, is defined as
Note that r Φ BS and r Φ UE are assumed to be independent spatial PPPs. An annular observation region O, which is respectively delimited by the minimum and maximum radii R m and R M , is defined around the user of interest. Fig.  1 illustrates a realization of the random network topology where UEs and small cell BSs are uniformly scattered over network area.
B. Higher Order Statistics and the LN Approximation
We resort to stochastic geometry in order to analytically model random network deployments [13] [14] [15] , and to higher order statistics to recover both the distributions of the received power Y and the aggregate CCI Z at the user of interest [11] , [12] . The Slivnyak's theorem and its associated Palm probability are then used to derive the aggregate CCI and compute average performance figures conditional on the location of the user of interest, also known as the "tagged receiver". Next, we apply Campbell's theorem [13] to the MPP r Φ defined in (3) so as to determine the Characteristic Function (CF) of the distribution of the aggregate CCI.
Definition 1: Let Z " ř pϕ,xqP r Φ Y be a RV representing the aggregate CCI generated by the interfering process r Φ, and j " ?´1 be the imaginary unity. Then, the CF of Z is the function Ψ : R Ñ C, which is defined as
The corresponding nth cumulants are obtained from higher order derivatives of (4) as shown next [11] .
Proposition 1: Let Z be a RV and Ψ Z pωq its CF. The nth cumulant is denoted by κ n where n P N. Provided that the nth moment exists and is finite; then Ψ Z pωq is differentiable n times. Therefore,
Proof: See [16, Section 9.4]. Motivated by the fact that the density of Z has no exact closed form expression [17] and that its distribution is heavy-tailed and positively skewed [12] , we resort to an approximation of the sum of LN RVs by a single LN RV [17] . The parameters are estimated from the cumulants of the actual distribution of the aggregate CCI as follows, μ " ln˜κ 
where μ is the mean and σ 2 is the variance of the equivalent Normalpμ, σ 2 q distribution in the logarithmic scale.
III. INTERFERENCE MODEL
By applying the proposed analytical framework we characterize the resulting aggregate CCI in two Evaluation Scenarios (ESs): ES1 is the benchmark scenario where BSs and UEs operate in HD mode; while in ES2 both BSs and UEs operate in FD mode.
A. Aggregate CCI of a HD network
Consider the benchmark scenario ES1, we can write the aggregate CCI at the tagged receiver as
Notice that the tagged receiver only experiences interference coming from nearby BSs since we assume the DL as the benchmark scenario.
To characterize the aggregate CCI at the tagged receiver, we use the cumulant-based framework with the MPP r Φ [12] , [18] (hereafter we drop the superscript BS). By applying Campbell's theorem to (3), we derive its characteristic functional [13] as given next. Proposition 2: Consider the ES1; then, the nth cumulant of the aggregate CCI perceived by the tagged receiver within O and with respect to r Φ is,
Proof: See [18, Section V].
B. Aggregate CCI of a FD network
In the ES2, the tagged receiver is subject to BSs, other UEs and the intrinsic SI component. As a result, the aggregate CCI at the tagged receiver is characterized by
where p 00 and δ represent the SI component and the corresponding attenuation factor, respectively. To account for the aggregate CCI from multiple interfering tiers we employ the cumulants additivity property. Since BSs and UEs are assumed to be independently deployed, the resulting process from each such tier is also independent [13] .
C. Average Spectral Efficiency
We evaluate how the FD networks perform in terms of the location-dependent ASE of the tagged receiver [19] . We recall that as discussed in [20] the aggregate interference perceived by the tagged receiver has non-Gaussian nature, and the Shannon formula is used as a lower bound for the ergodic rate. Bearing this in mind and assuming that all users are allocated on the same bandwidth W , we first recover the SIR distribution of the tagged receiver, and then compute the respective capacity.
Theorem 1: Under the assumption of the composite fading channel regime, the average spectral efficiency in bits/s/Hz of the tagged receiver is given as,
Proof: To compute the location-dependent average spectral efficiency,C W " 8 ş 0 log 2 p1`γqf Γ pγq dγ , we use the PDF of the SIR with respect to the tagged receiver, which is f Γ pγq. The Gauss-Hermite quadrature [11] with the substitution η " pξ ln γ´μq{ ? 2σ is used to obtain (10). 
IV. NUMERICAL RESULTS
Next, we present some relevant numerical results 1 . Fig. 2 depicts the Complementary Cumulative Distribution Function (CCDF) of the aggregate CCI at the tagged receiver for an increasing density interfering small cell BSs (Proposition 2 is used to generate the numerical values). Solid lines present the resulting aggregate CCI as a function of the increasing density of interfering BSs for the ES1. Note the degradation effect of both the extra interference due to the co-channel UEs as well as to the self-interference. At a density of 10´4BS{m 2 , we first show the combined interference from co-channel ideal FD BSs and UEs with dashed lines, which represents the best case scenario for ES2. Then, from a more practical point of view of ES2, the total CCI at the FD user of interest for a SI attenuation of´80 dB and at the same density of interferers is represented by the dotted line curve. To illustrate our point, the tagged receiver only experiences aggregate CCI higher thań 60 dBm for about 20% of the time when in HD mode, whereas the CCI is higher than that value for nearly 50% of the time in a practical FD setting.
Next, Fig. 3 shows the Cumulative Distribution Function (CDF) of the SIR experienced by the tagged receiver. Notice that the performance is not only degraded by the combined effect of interfering tiers of FD BSs and UEs, but mainly by its own SI component. In this scenario, the SIR of the tagged receiver is severely compromised by the intrinsic SI of FD communications. Notice that as the SI cancellation improves (lower values of δ), higher is the perceived SIR. For instance, at δ "´75 dB the SIR values are very low compared to the HD performance (solid line); however, HD and FD perform alike around δ "´90 dB and higher. Nonetheless, we remind that so far experimental results have shown that it is a strenuous task to achieve such high levels of SI attenuation (δ ă´75dB) [1] . Therefore, we can conclude that SI dominates the perceived CCI. Fig. 4 depicts the average SIR as a function of the density of interferers for different values of SI cancellation coefficient. Notice that the quality of the SI cancellation scheme employed by the FD UEs considerable affects the perceived SIR. Therefore, as pointed out in [1] , [2] , the better the SI mitigation, the better the overall performance of FD schemes. Notice that in terms of SIR, HD schemes perceive higher SIR. We recall that contrary to HD schemes, FD communications suffer additional interference from the adjacent BSs besides SI. On the other hand, as we observe in Fig. 5 , in terms of ASE FD schemes become more attractive and considerably outperforms the HD scheme even though suffering additional interference. Fig. 5 shows the ASE as a function of density of interferers for different SI cancellation coefficients. For instance, for δ "´75dB and λ " 6ˆ10´4, FD scheme 50% higher ASE than the HD schemes, and even larger gains can be achieved if SI cancellation is improved further. 
V. CONCLUSIONS AND FINAL REMARKS
In this paper, we have assessed the ASE of FD communications in interference networks under composite fading channels. We employed stochastic geometry to model random deployments of BSs and UEs and a composite lognormal shadowing and Nakagami-m fading channels. Our results show that the aggregate interference from both BSs and UEs compromises the FD performance compared to traditional HD networks. Moreover, the SI dominates the aggregate interference component and, in terms of SIR, FD performance becomes comparable to the one achieved in HD mode when the SI cancellation becomes as low aś 90 dB. On the other hand, our results show that, in terms of ASE, FD networks outperform HD networks for SI cancellation values lower than´70dB (δ ď´70dB).
